A novel avian alphaherpesvirus, preliminarily designated sphenicid alphaherpesvirus 1 (SpAHV-1), has been independently isolated from juvenile Humboldt and African penguins (Spheniscus humboldti and Spheniscus demersus) kept in German zoos suffering from diphtheroid oropharyngitis/laryngotracheitis and necrotizing enteritis (collectively designated as penguindiphtheria-like disease). High-throughput sequencing was used to determine the complete genome sequences of the first two SpAHV-1 isolates. SpAHV-1 comprises a class D genome with a length of about 164 kbp, a G+C content of 45.6 mol% and encodes 86 predicted ORFs. Taxonomic association of SpAHV-1 to the genus Mardivirus was supported by gene content clustering and phylogenetic analysis of herpesvirus core genes. The presented results imply that SpAHV-1 could be the primary causative agent of penguin-diphtheria-like fatal diseases in banded penguins. These results may serve as a basis for the development of diagnostic tools in order to investigate similar cases of penguin diphtheria in wild and captive penguins.
Penguin diphtheria, a disease of wild and captive juvenile penguins, is characterized by diphtheroid stomatitis [1] [2] [3] and necrotizing gastroenteritis [4] and causes high mortality. Although it was frequently discussed that the disease may be of primarily viral cause, this was never proven [5] . Here we describe a novel alphaherpesvirus that appears to be associated with cases of penguin diphtheria in banded penguins. The virus was isolated independently from captive African and Humboldt penguins (Spheniscus demersus and Spheniscus humboldti) suffering from diphtheroid-necrotizing oropharyngitis/laryngotracheitis and enteritis, respectively.
In June 2012, three 5-to 6-week-old female Humboldt penguin chicks (cases A1-A3 in Table S1 , available in the online Supplementary Material) from the Tierpark Cottbus (Cottbus, Germany) died during hand rearing. The birds showed lack of weight gain, and shortly before death, the zoo technician noted diarrhoea. At necropsy, the three animals were emaciated, anaemic and dehydrated. The main finding in all cases was an acute necrotizing and haemorrhagic jejunitis. Histopathologically, the jejunal epithelium showed multiple coalescing foci of necrosis and haemorrhages. Significant lesions were absent from the other inner organs except for a mild mycotic airsacculitis (Aspergillus fumigatus) in two of the chicks.
In December 2013, a 4-week-old African penguin chick from the Berlin Zoological Garden (Berlin, Germany) was found dead in the breeding burrow (case B1). The zookeepers did not note preceding clinical symptoms. At necropsy, the chick was in a good body condition but dehydrated. The main finding was a severe diffuse diphtheroid and necrotizing oropharyngitis and laryngotracheitis. Histopathologically, the stratified squamous epithelium of the oral cavity, the epithelium of the submucous glands and the respiratory epithelium of trachea showed multiple to coalescing foci of necrosis.
In all cases, infections with virulent bacteria, endoparasites, avian paramyxovirus type 1, avian influenza viruses and chlamydia were excluded by standard diagnostic methods (data not shown). The remaining epithelial cells bordering the necroses were enlarged with swollen nuclei containing amphophilic inclusion bodies (Fig. S1 ) indicative of an alphaherpesvirus infection. Tissues from the intestinal tract of two of the Humboldt penguins and from the oropharynx of the African penguin reacted positive in a panherpes PCR [6] .
Virus isolation in primary chick embryo fibroblasts was successful for organ material from two Humboldt penguins (isolate GER/2012/S.humboldti/A1A2-01003, hereinafter A1A2-01003) and the African penguin (isolate GER/2013/S. demersus/B1-01004, hereinafter B1-01004). Chick embryo fibroblast cultures showed typical herpesviral cytopathic effect and were PCR positive. Virus was passaged in quail muscle cells (QM9) and electron microscopy of these revealed typical electron-dense herpesvirus particles (Fig. 1) .
DNA was isolated from viral particles obtained by ultracentrifugation of infected QM9 cell cultures. Sequencing libraries were prepared and sequenced using Ion Torrent PGM as described by Höper et al. [7] . The obtained datasets for A1A2-01003 and B1-01004 were subjected to metagenomic analysis using RIEMS [8] and approximately 0.3 and 0.1 % of the reads, respectively, were classified as herpesviral sequences. For determination of highly reliable complete genomes, the Ion Torrent datasets were supplemented with Illumina data, generated as described [9] from identical input DNA. An iterative de novo assembly/mapping procedure using the 454 Sequencing Systems Software suite (version 3.0; Roche) was used to build contigs representing the complete viral genomes of A1A2-01003 and B1-01004. For determination of the lengths of repetitive regions, these were PCR amplified (for primer sequences, see Table S2 ) and the products sequenced using Sanger sequencing. The overall positional identity of the A1A2-01003 and B1-01004 genomes in a nucleotide alignment was 95.1 %. Annotated full genome sequences of SpAHV-1 were uploaded to the European Nucleotide Archive and published under the accession numbers LT608136 and LT608135 for A1A2-01003 and B1-01004, respectively.
To date, a relation of the virus isolates described here and previously published cases of (putative) alphaherpesvirus infections in penguins cannot clearly be established because only either pathology or viral sequences are available. In two reported cases of herpesviral infections in African penguins [10, 11] putatively caused by sphenicid herpesvirus 1 [12] , only partly similar pathology was observed, but no viral sequences are available. Alterations in the African penguin (case B1) are consistent with the aforementioned cases of herpesviral infections in penguins, where lesions in the respiratory tract were predominant. In contrast, oropharyngitis and enteritis as described here for cases B1 and A1-A3, respectively, have to our knowledge not so far been reported for herpesviral infections in banded penguins. For two other putative penguin herpesviruses derived from samples from Magellanic penguins (Spheniscus magellanicus), no pathological information has been published. From these, only partial sequences of the DNA polymerase encoding gene are available in the INSDC databases (KJ720217, 439 nt; KR338839, 259 nt). In an alignment of the overlapping regions (263 nt), the identity of A1A2-01003 with these was 51.2 and 87.7 %, respectively, whereas the identity between the A1A2-01003 and B1-01004 sequences was 98.0 %. Based on the above information, we propose to designate the penguin-associated herpesvirus described here as sphenicid alphaherpesvirus 1 (SpAHV-1), in accordance with the most recent nomenclature [13] .
The SpAHV-1 genome with an overall length of approximately 164 kbp and a G+C content of 45.6 mol% comprises the elements TR L -U L -IR L -IR S -U S -TR S (Fig. 2a) , characteristic for a class D genome [14] . Slightly different genome lengths of both isolates are attributed to repetitive regions. Furthermore, the genome contains three identical putative origins of replication (OriL, OriS1, OriS2; Fig. 2b ) comprising a central 41 bp A+T-rich stretch flanked up-and downstream by the sequence motif YGYTCGCACT that may serve as binding site for the origin binding protein [15] . Their sequences form a nearly perfect 61 bp palindrome. In addition, pac-1 and pac-2 sites associated with cleavage and packaging of viral genomes [16] were identified. The pac-1 site consists of an A+T-rich stretch flanked by homopolymeric stretches of C [17] and is located 33 nt upstream of the right terminus of the SpAHV-1 genomes. The pac-2 site was identified as an A-heptamer that is conserved in both SpAHV-1 genomes close to the left terminus. Using EMBOSS getorf [18] , a total number of 86 ORFs was predicted, 71 of which are located within U L , nine in U S and three being duplicated in IR S /TR S (Fig. 2b) . In order to check for sequence similarity with other herpesviruses, the translated ORFs of A1A2-01003 were compared to aa sequences from 27 alphaherpesviruses (Table S3) using BLASTP [19] . Of the 83 unique ORFs, the highest BLASTP identities were found with members of the genera Mardivirus (45/83) and Varicellovirus (35/83). Forty-four ORFs represent herpesvirus core genes [20] , which are of common ancestry in alpha-, beta-and gammaherpesviruses. An additional 26 ORFs were exclusively conserved in alphaherpesviruses. The aa identity between both SpAHV-1 isolates ranged between 89.4 % (envelope glycoprotein J) and 99.3 % (envelope glycoprotein M). A complete list of predicted ORFs along with standardized protein names, adopted from Davison [20] , can be found in The detected unique pattern of predicted proteins of SpAHV-1 prompted us to perform a gene content phylogeny as described by Montague and Hutchison [27] based on Tatusov et al. [28] . They showed that gene content clustering can be used to generate robust phylogenetic trees for herpesviruses. Therefore, a subset of 60 conserved proteins from Davison [20] was used and the respective SpAHV-1 proteins were added to the matrix. This binary matrix was used for distance analysis and subsequent hierarchical clustering utilizing the functions heatmap.2 [29] and dist.binary [30] in R (version 3.1.1, www.R-project.org). The resulting tree (Fig. 3a) displays the relationship of the 21 analysed alphaherpesvirus genomes, placing SpAHV-1 in close relation to mardiviruses. The closest relative of SpAHV-1 is AnAHV-1. In order to elucidate the phylogenetic and taxonomic position of SpAHV-1 in relation to other alphaherpesviruses with higher resolution, we compared the protein sequences of 52 core genes from 27 members of the alphaherpesviruses with those of SpAHV-1. A maximum-likelihood tree was inferred from an alignment concatenated from individually aligned protein sequences (in total 44 592 aa; Fig. 3b ) using IQ-TREE [31] with automatic model selection (LG+F+I+G4) and statistical support through 10 000 ultra-fast bootstrap replicates [32] . The topology of the resulting tree reflected the taxonomic classification of the viruses into the five alphaherpesvirus genera. Like in the gene content tree, all members of the genus Mardivirus and SpAHV-1 form a monophyletic group. SpAHV-1 is the most distant member within this group and its closest relative is again AnAHV-1.
The high sequence identity between the herpesvirus isolates from Humboldt and African penguins both at the protein and nucleotide level is in accordance with the assumption that the recent banded penguins descended from a relatively young common ancestor some 6.1 (4.3-8.4) million years ago [33] . Following the concept of viral co-evolution [34] , SpAHV-1 should have undergone cospeciation with its natural host towards the modern form present in Humboldt and African penguins. Based on the divergence times for the genus Spheniscus and uncorrected p-distances, as calculated by MEGA6 [35] , the substitution rate for complete coding nucleotide and protein sequences of A1A2-01003 and B1-01004 was estimated to be 4.9Â10 À9 nt (3. SpAHV-1
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Falconid alphaherpesvirus 1 (NC_024450) Spheniscus could therefore be plausible and supports the hypothesis that banded penguins are natural rather than accidental hosts of SpAHV-1. Nevertheless, a possible accidental transmission from free-range birds cannot be excluded since all examined penguins were kept in open-air compounds. However, this assumption seems to be implausible because SpAHV-1 has been isolated independently from penguins in two different German zoos. Another source of transmission between the examined penguins could be the exchange of animals between the zoos. Representatives of both zoos stated that penguins had never been exchanged, and other exchanged birds never had contact with the affected penguin colonies. Further screening of wild Humboldt and African penguins needs to be done in order to elucidate the predicted connection between banded penguins and SpAHV-1 in their natural habitats. If the genus Spheniscus represents the natural host for SpAHV-1, a similar virus could possibly also be isolated from Magellanic and Galapagos penguins (Spheniscus mendiculus). It is also supposable that a very similar virus could be causative in currently unresolved cases of diphtheroid stomatitis in yellow-eyed penguins (Megadyptes antipodes) [5] since the diphtheroid inflammation of the affected mucosal surfaces is identical in all these cases. However, whether SpAHV-1 is the primary agent of penguin diphtheria or whether other primary pathogens are involved remains a subject for further investigations.
In conclusion, the obtained sequences of SpAHV-1 may help to improve the knowledge about herpesviral diversity and evolution. Furthermore, they can serve as a basis for the development of diagnostic tools like real-time PCR, in order to check for virus presence in the natural habitats of the penguins, both in current and, retrospectively, in unresolved cases of penguin diphtheria. This is especially interesting since many penguin species are rated as vulnerable and endangered by the International Union for the Conservation of Nature and are the subject of special breeding programmes in zoos worldwide.
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